m l-¢ Eo (l~-a)
Since both  °(= ) 2z(=——(T57TEma)

infinity, in the limit the. budget deperds only an I,. When the

go to zZero as K goes to

menitoring prebability in group 3 is taken to be 1, as it is here, the
repeatedplaybtﬁgetapproachaﬁg'%—;-&)'mthelmit. Therefore, the
budget carmot be driven to zero by choosing an arbitrarily large K
And the Limiting value of the matio I =y is (o) (*oJ. Fer

example, fcrtheﬁ:st_caseintableB,wheres=0.2am a = Q.05,

- =11 = 0.5(0.8) . 5.03
lk.lﬂ E l?;:@ o5 9%8

. _0.585 1.05 _
a’ﬂlﬂ, Fo'Tm) =555 505 293

- Finally, higher fines imply a smaller budget advantage for maltiple-
play over single-play structures ard the larger the exrors, the
smaller the advantage for constant fine size.

mﬁmm

This paper makes a preliminary case for using game theory notions,
especially the repeated game model, in the design of monitoring and
enforcement systems. Most importantly, desired levels of campliance may be
cbtained with smaller budget allocations for monitoring when information on
past campliance is used to define future monitoring probabilities. The
relevance of these results for actual policy will depend on the resolution of
several questions, same involving law and same extensions of the economics
cansidered here.

The most impeortant legal point is likely to be whether or not an
arbitrary probability of escape from group 3, E, can in fact be applied to
pollution sources (or any other monitored parties).

By far the most important econamic question is how the results derived .
above are affected by the introduction of discounting at a positive interest
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rate. There is no questicn that discoumnting will reduce the effectiveness of
the scheme, for the threat of a given stay in group 3 will be lower,
everything else equal. The question is, by how much? Will the required
monitoring budget, given a required upper limit cn noncampliance, an error
structure, ard a fine size, be less than that implied in a single-play
;approach? Will it be encugh less to make the relatively elaborate grouping
mechanism worthwhile?
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It is an interesting and challenging feature of air ard water pollution
discharges that they are fugitive events in the sense that they must be
measuredastheyocwrortheymwtbeneasuredatall. (There are
statistical techniques for J.nfe.m.ng air polluticn dlsdzarges fram
ambient pollutant concentrations. (See Gordon 1980). That is, enforcing
pollution comtrol permit terms is more clcsely analcgous to enforcing
auto speed limits than, say, the tax laws. The situation for
containerized hazardous wastes is different, of course.

In fact, most monitoring visits are the result of the application of
rules of thumb such as: Visit large sources ance every N months. Such
visits usually also involve prior ammouncement for convenience and to
avoid legal battles over rights of emtxry. Thus, the deterence effect of
the visits is even less than that implied by the rates.

One visit is assumed to be the maximm required to guarantee campliance
in a period (subject to the qualifications implied by errors of
inference). That is, if a monitoring visit occurs and a vieolatien is
detected, that viclation is assumed to be corrected for the remainder of
the periocd. It is further assumed that the full costs of campliance in
the pericd, C, will be incurred if a source in violation is caught and
forced into campliance. A false violation notice (false positive)
implies that a fine is levied on a source already sperding C to comply.

A natural question is, why not armmounce that m applies to all sowrces,
but actually cmlyapplyr? As a short-term strateqgy of deceit this may
seem appealing. But it is conceptually weak reed an which to build a
policy, for assuming that deceit can successfully be practiced
indefinitely seems to imply zero information gathering activity and
inferential ability on the part of the sources. Similarly, relying on an
armczmced mam.tnn.ng prabability, m, applying to an unknown fraction of
saurees r gives an effective monitoring prokability for a source of:

N

N.r.m.

= m -
r= X

N

It seems wise to assume that each sowrece will infer the actual
prabability it faces, and therefore no sources will have the incentive to
canply.

If a= 0, the measwrements are effectively perfect for these purposes and
r= (1 -¢ )m

Prcvingthatitiscptimalforascurcetoccmplyingroupzmle
violating in group 1 involves defining the following: E(V,) is the
a:pectedvalueofthest::ategyviolatingwheningrcupz,% is the
expectedvalueofthes‘zategyofccmplymgmgmpz andE 1 &) in
the expected value of viclating in group 1 and camplying in group 2.
Cbserve the following:
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E(Vy, &) = (1 = 2)0 + 2E(C))
E(C) = C+ p(E(Ty, S)) + (1-° ) (B(S))
E(V,) =0 + Q?F}_Ct*' (L = 0)E(V,)
so that: T
E(V,) _’i-l Ce ™™
E(C)) =C +p (2B(S)) + (1 —-0)E(S)

E(S)[1l-pz - (Lp)] =C

C
E(G) = 552

Ard so lang as z < 1, this mmber is positive but finite, so that E(C,)) <

E(V;5). 2z <1 is guaranteed by the rule proposed in the text for defining
z in terms of card o .
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The economi ¢ policy analysis of environmental issues has generally
focused on the relative efficiency in mnimzing environnental harns of
the unregul ated market and of administrative agency (or what we call ex
ante) regulation. Once the scholarly analysis has indicated the circunstances
that dictate governmental intervention in the market, it has then focused
on the relative efficiency of different forms of this ex ante regulation.
For exanple, the standard reliance on a system of fixed fines for violation
of environmental regulations has been challenged as inefficient by conparison
to a systemof sliding effluent fees or to a requirement that potentia
polluters install the best available (in the sense of |east-polluting)
technol ogy for production of their output.

Recently, econonmists and |lawers fanmiliar with economics have explored
the efficiency of exposure to tort liability (what we will call ex post
regul ation) as part of a policy for mnimzing external costs such as
environmental harms. I The premise is that potential polluters can be
constrained to produce an efficient anount of pollution by making them
liable in a private cause of action for conpensating those whom they have
harmed. Until very recently this nmethod of regulating environnenta
harms has been a rare exception.2

This article attenpts to bring together these two strands of the
environnental and the |law and economics literatures in order to investigate

the relative efficiency of ex ante and ex post regulation. The question

1see Robert D. Cooter and Thomas S. Uen, Law and Econonics (Scott,
Foresman and Co.: denview, IL, 1987), pp. 326-371

’For exceptions, see Boomer v. Atlantic Cement Co., Inc., 26 N.Y.2d 219
309 N.Y.S.2d 312, 257 N.E.2d 870 (Court of Appeals of New York, 1970),
and Spur Industries, Inc. v. Del E. \Webb Devel opment Co., 494 P.2d 701
(Ariz. 1972). The economcs of the cases are discussed in Cooter and
Uen, op. cit., 171-185.
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naturally raised by this conjunction of the regulatory literature is
whet her ex ante and ex post regulation are conplements or substitutes.
Educated economic intuition would suggest that they are substitutes;
either alone would seemto be able to acconplish the goal of creating
efficient incentives but to use themjointly would seemto be wastefu
dupl i cation. I't turns out that this intuition is correct only when there
is no uncertainty in the enforcement of either the admnistrative agency
standard or the tort liability standard. In that unlikely case, the two
nmet hods of regulation are, indeed, substitutes, and the social costs of
regulating the externality are nmininized by relying exclusively on whichever
of the two forns of regulation has the |lower administration and enforcenent
costs. The far nore likely case is that there is uncertainty in the
enforcenent of either or both forns of regulation (Russel et al.). \here
that is true, then ex ante and ex post regul ation become conpl ementary
regulatory tools. W have recently shown that the joint use of these
forms of regulation creates efficient incentives for potential externality-
generators when there is certainty regarding the enforcement of the ex
ante regulatory standard but so much uncertainty regarding the enforcenent
of the ex post liability rule that firms take |ess precaution to prevent
environnental harns than is socially optinmal (Johnson et al.). In this
article we extend those results by considering the case where there is
uncertainty in the enforcenent of both forns of regulation.

The policy conclusions that result from analyzing the effect of
uncertain enforcenent in both forns of regulation can be readily stated
The existence of uncertain enforcenent of both an ex ante adninistrative

agency regulation and an ex post liability rule for a given environnenta
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externality strengthens the case for the sinmultaneous use of these two
forms of regulation but slightly alters the relationship between the two.
When only the enforcenent of the ex post standard is uncertain, the
(certain) ex ante standard should, surprisingly, be set below the socially
optimal level of care. Wen there is uncertainty in the enforcenent of
both standards, it is still true that the ex ante standard should be set
bel ow the ex post standard, which, by assunption, is set equal to the
socially optimal level of care. But now the distance between the two
standards depends on the relative degree of uncertainty in the enforcenent
of the two standards in an intuitively plausible way that we explain bel ow

The remai nder of the paper is organized in the following way. In
Section Il we discuss the econonmic analysis of tort liability and apply
that analysis to the policy issues created by the generation and di sposa
of hazardous wastes. Section IIl develops the formal nodel of the firms
behavi or when faced with both ex ante and ex post regulation of potential
environnental harm with special attention to the inpact of the uncertain
enforcenent of both of those standards on the potential polluter's behavior.
The paper concludes with remarks on two matters. First, we suggest the
inplications of the mobdel for public policynmaking regarding environmenta
harms.  Second, we speculate on the next steps in the theory of integrating
ex ante and ex post regulation and on the enpirical work that our formnal

nodel suggests.

[1. The Economics of Tort Liability
The economic analysis of tort liability standards is sufficiently
new and arcane that a brief introduction is in order. Recal | that the

sinmple econonmic premise is that the potential injurer and victimwll be
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induced to take optinal precaution against harmif they are liable for
conpensating those whomthey harm  This potential liability becomes a
part of the decisionmaker's anticipated costs, which he then attenpts to
mnimze by taking the optimal anmount of precaution. The conmmon | aw
recognizes two different tort liability standards—mnegligence and strict
liability. But the law has not provided a convincing explanation of the
circunstances in which negligence is superior to strict liability and vice
versa. The econonmic analysis of tort liability has provided such an
expl anati on. Let us briefly summarize this explanation. It is an inportant
one in designing public policy for environmental harns and in introducing
the formal nodel of the next section.

The tort liability standard of negligence establishes a |egal standard
of care or precaution that the potential injurer and victimowe to one
another. 3 If a party violates the |egal standard by taking |ess care or
precaution than he owes to the other party and that failure to take care
proxi mately caused the harm then he is negligent or at fault and is
liable for the |osses suffered by the victim if he takes at |east as
mich care as required by the legal standard or if his actions did not
proxi mately cause harm even though he was negligent, then he is not
negligent or at fault and is not liable for the victims |osses. The
negligence standard cones in several varieties—simple negligence, negligence
with contributory negligence, and conparative negligence—that differ in
the extent to which they take into account the victinmls own precaution
agai nst the occurrence of a harm  The general conclusion of the literature

on the efficiency aspects of the negligence rule is that under certain

*The following material draws on Cooter and Uen, op. cit., 326-371.
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conditions all fornms of the negligence rule create equally efficient
incentives for potential victims and injurers to take precaution and,
therefore, mninze the social costs of external harns. The conditions
under which this conclusion holds are that (1) the legal standard of care
is set equal to the socially optimal |evel of care, (2) precaution is
"bilateral," and (3) there is no inperfection or uncertainty in determning
whet her or not a party conplied with the |egal standard of care. By
"bilateral precaution" we nean that the technol ogy of precaution is such
that both parties may reasonably take action to reduce the probability or
severity of the external harm An exanple would be autonpbile accidents:
typically there is sonmething that both drivers can do to reduce the
probability or severity of an accident, even if in any given accident
only one of themwas in fact at fault. A point worth enphasizing here is
that all forms of the negligence rule are equally efficient when there is
no uncertainty in the enforcenent of the |legal standard of care.

When we introduce uncertain enforcement into the econom ¢ analysis
of negligence, the conclusion changes. Suppose that enforcenent is
uncertain in the following sense: it is possible that (1) a party who
conplied with the legal duty of care is nonetheless held liable or (2) a
party who failed to conply with the legal duty of care is not held liable.
Under this uncertainty there may be inportant efficiency differences anong
the forms of the negligence rule (Cooter and U en, 1986; Craswell and
Cal fee, 1984 and 1986.). This highlights the inportance of uncertainty
i n nodel i ng behavior under ex post regulation.

The other great liability standard is strict liability. Under that

standard, an injurer is liable for the victims losses if he proximtely
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caused the harm The potential injurer is under an absolute duty not to
cause harm there is no legal standard of care or precaution that he may
take to exonerate himfromliability for the victims |osses. Mbreover,
there is usually no requirenent that the potential victim hinself take
care; the entire burden is on the potential injurer. Strict liability
creates efficient incentives for precaution by the potential injurer
under three conditions: (1)when he is liable to the victimfor "perfect"
conpensation, (2) when precaution is "unilateral," and (3) when there is
no uncertainty in the enforcenent of the strict liability standard
Perfect conpensation is an award of noney damages to the victimthat
makes him indifferent between the state of having suffered the harm but
receiving the noney damages and that of never having suffered the harm
Precaution is said to be unilateral when only the potential injurer nay
reasonably take action to reduce the probability or severity of harm
Uncertain enforcenent can arise under strict liability in tw ways.
First, the determ nation of proxinmate cause nay be subject to uncertainty:
an injurer may be held strictly liable when in fact his actions did not
proxi mately cause harm or he nmay be excused fromliability when in fact
his actions did proximtely cause the injury. Second, the victims
conpensation can be inmperfectly neasured. Potential injurers thus may be
liable for widely-varying amounts of conpensation: sone victinms whose
| oss was mininal nay be vastly over-conpensated while others whose |oss
was extraordinarily large may be under-conpensated. Where there is
uncertain enforcenent in either or both of these senses, the efficiency

of strict liability is |essened.
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The uncertain enforceability of tort liability standards clearly
| essens their efficiency. (We assune that the other conditions specifying
whether strict liability or negligence is the appropriate liability rule
are met; that is, the only source of inefficiency upon which we wish to
focus is uncertain enforcenent; for instance, strict liability is not
being applied in circumstances of bilateral precaution, nor is negligence
being applied in cases of unilateral precaution.) The question that this
| essened efficiency raises is whether there is sone way to inprove the
efficiency of an uncertainly-enforced ex post regulatory rule. There are
several possibilities:

(1) depending on the direction of the inefficiency (i.e., whether it

leads to too nuch or too little precaution), the rules for establishing

fault or causation could be relaxed or tightened;

(2) assuming that there is so nuch uncertainty that potential injurers

inevitably take too little precaution, courts could routinely award

punitive danmages in addition to conpensatory danmages) in those

i nstances where an injurer is held |iable;

(3) if the inefficiency is extraordinarily large, some alternative

regul atory tool for nininmizing the external harm mght be substituted

(e.g., the activity could sinply be outlawed or victims could be

conpensated in an administered conpensation or no-fault systen);

(4) a conplenentary regulatory tool could be used (e.g., in addition

to exposing potential wongdoers to tort liability, they could also

be exposed to siting requirenents or quality controls backed by fines

To focus the discussion let us apply the foregoing analysis to a
concrete problem in environnmental regulation: harns arising from exposure
to hazardous wastes. Let us first briefly summarize, for future use, the
federal and state statutory regulations dealing with that problem and

then discuss how the econonic analysis of tort liability might be applied

to this issue.
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Federal statutory regulation of hazardous wastes began with the Safe
Drinki ng Water Act. of 19744 Among other things that Act told the US
Environnental Protection Agency (EPA) to require the states to promul gate
regul ations dealing with the underground injection of hazardous wastes.
Two years |ater Congress passed the Resource Conservation and Recovery
Act of 1976 (RCRAY.J That Act provided for tracking hazardous wastes
fromthe time and point of generation until final disposal but failed to
provide for any problens associated with inproper disposal before 1976
In 1980 Congress attenpted to correct this failure in the Conprehensive
Envi ronment al Response, Conpensation, and Liability Act (CERCLA) .6 That
Act enpowered the Federal government through the EPA to inpose liability
for cleaning up hazardous waste disposal sites closed before the enactnment
of RCRA.7 CERCLA has been revised but its basic structure remains intact.

State statutory regulation is predictably |ess coherent. Some
st at es have "mini-superfunds,"8 and many have additional, more direct
control s. For exanple, Illinois and Massachusetts have banned |andfilling

the nost popul ar and economnical nethod of disposing of hazardous wastes;

442 U S.C. secs. 300f-300j (1982).

342 U.S.C. secs. 6901-6907, 6911-6916, 6921-6931, 6941-6954, 6961-6964,
6971- 6979, 6981-6986 (1982).

642 U.S.C. secs 9601- 9657 (1982). CERCLA created the "Superfund," a fund
financed by Congressional appropriations and taxes on those who produce
hazardous and toxic wastes. The EPA is enpowered to use this fund to

cl ean up dangerous waste sites and then to bring actions against various
parties for recovery of the cleanup costs under sec. 107 of the Act.

7For an excel | ent summary of the |law on hazardous wastes, see "Devel opnments
inthe Law -- Toxic Waste Litigation," 99 Harv. L. Rev. 1459 (1986).

8For an exanpl e see the Mnnesota Environmental Response and Liability
Act (MERLA), Mnn. Stat. Ann. §§115B.01-115B.24 (West 1985 supp.).
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sonme states have extended the reporting requirenents of RCRA to smal
firms (such as dry cleaners and gasoline stations) that are exenpt from
the federal regulations.

The common law tort liability treatnent of harns arising fromthe
generation and di sposal of hazardous wastes is in its infancy. Only a
handful of actions have been filed so that it is not clear how the comon
law will treat these matters. For that reason we may begin at the beginning
and explore how the common |aw should deal with hazardous wastes hy
appl ying the econonic analysis of tort liability sketched above

Consi der how the distinction between negligence and strict liability
applies to the environnmental harnms that might arise fromthe generation
or disposal of hazardous wastes. For those harms, precaution is certainly
unilateral in the sense that disposers and generators are the only parties
to whom soci ety may reasonably | ook for actions that will reduce the
probability or severity of harm fromthose sources. Thus, if this harm
is to be regulated using an ex post liability rule, injurers (the disposers
and perhaps the generators of hazardous wastes) should be held strictly
liable to those they have harned.

But what about the problens of uncertain enforcement under strict
liability?9 Recall that in making a claim for recovery under strict
liability, the victim nust show that the injurer proximately caused the
harm (but not that in doing so the injurer violated a standard of due

care owed to the plaintiff). Two problenms are likely to arise in establishing

The followi ng discussion cones from Gary V. Johnson and Thomas S. U en,
"Designing Public Policy Toward Hazardous Wastes: The Role of Administrative
Regul ations and Legal Liability Rules," American Journal of Agricultura
Econonmics (Dec. 1986) pp. 1269-1270.
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that the generation or disposal of hazardous waste has proxinately caused
a harm First, the scientific evidence on causation between exposure to
these substances and personal or property injury is at an early stage of
devel oprent . Thus, it may well be the case that although by the standards
of the acadenic community the causal connection may be reasonably well
establ i shed, by the standards of proof required in a court the causa
connection is not clear enough to permt recovery in amunts close to
perfect conpensation (Farber, Davis). Second, harns arising fromthe
generation or disposal of hazardous wastes may not beconme manifest for
| ong periods of tine, sonetinmes nore than a generation. If so, the
evi dence necessary to establish proxi mate cause for recovery under a
strict liability theory may be so distant or so clouded that otherw se
neritorious plaintiffs cannot recover. \Were this is the case, then the
generators and disposers of hazardous wastes do not receive the appropriate
signal fromthe tort liability system about the appropriate |evel of
precaution to take, and as a consequence they nay take too little precaution.

To what extent can the strict liability standard be amended to take
account of these special problens of recovering for harns arising from
the generation and disposal of hazardous wastes? Wth regard to the
probl em of establishing proximte cause where scientific evidence is
weak, there are several possibilities. Legislation mght relax the
plaintiff's burden of proof on the causation issue. This is the tack
adopted in the 1983 M nnesota Environmental Response and Liability Act
(MERLA) and proposed by sone commentators for wi despread adoption.

This relaxation of the plaintiff's burden of proof on the causation

issue for harns arising fromthe generation or disposal of hazardous and
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toxic wastes may cure the first problem noted above, but it does so at a
high cost. Tanpering with the traditional causation standard is a radica
step that requires extraordinary justification, a justification that no
one has offered. Naturally the question arises: |If the inadequacy of
scientific know edge to establish proximate cause in the case of harns
arising from hazardous and toxic wastes justifies relaxing the plaintiff's
burden of proof in those harns, why may we not also relax plaintiffs'
burdens in all other instances of inadequate scientific know edge? Thus
far, there has been no good answer to that question. And that fact
suggests that relaxation of the plaintiff's causation requirenent is not
yet an acceptable nethod of making strict liability for harms inflicted
by exposure to hazardous and toxic wastes nore efficient.

The second source of uncertain enforcenment of strict liability for
harns associated with hazardous wastes is the long time |lag between exposure
and manifestation of the harm This lag conplicates the injurers ability
to denonstrate proximte cause and, therefore, makes his recovery, even
if his case is neritorious, less likely. This problem has arisen in
several well-known nodern cases, e.g., in the diethylstilbestrol (DES)
and asbestos cases. Sone commentators have suggested that the tort
liability system can be reforned to accormodate the peculiar evidentiary
probl ens of time-delayed harms by allowi ng probable victins to recover
froma probable injurer before any actual harm has become nanifest. The
proposal is that where the probability of any harns developing in the
future is above sonme mnimum threshold, the potential victim should be
allowed to recover the expected damages discounted by the probability

that the harmwill arise (Cooter and Uen, 1987).
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It is argued that the benefit of allowi ng recovery under a theory of
probabilistic causation for inflicting tortious risk is that the signa
to take efficient precaution will be transmtted relatively quickly to
potential injurers. Not allowng recovery in these circunstances, it is
argued, will greatly reduce the number of cases that plaintiffs can wn
in the distant future and consequently will greatly dilute the signal to
injurers to take efficient precaution.

But the costs of revanmping tort law to allow for probabilistic
causation and recovery for infliction of tortious risk are also high.

One of the nost fundanental precepts of tort law is that a harm nust have
occurred; sinply creating a dangerous condition--what has been called, in

a famous phrase, "negligence in the air"--is not a sufficient basis ford
bring an action. There are good efficiency reasons for liniting recovery
intort to cases of actual harm Mreover, there are alnost insurmountable
probl ens involved in specifying the threshold probability of harm that
would trigger liability.

These observations suggest that the uncertain enforcement that is
likely to arise under a strict liability standard for harnms arising from
exposure to hazardous wastes cannot be easily corrected with the ex post
regul ation systemitself.

It is still an open question whether an uncertainly-enforced tort
liability standard is best supplenmented or replaced by uncertainly-enforced
federal and state adm nistrative agency regulation and like those we
described above. W turn to that question in the next section with the
help of a formal nodel of firm behavior under uncertainly-enforced ex

ante and ex post regulation.
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[Il. Mdeling the Firms Behavior Under
Uncertain Enforcenent of Regulation

To examne the effect on the firms behavior of uncertainty regarding
the enforcenent of both ex ante environmental regulation and ex post
liability, we will first look at a sinple nodel of firm behavior and
enrich the nodel by adding greater conplexity. W begin our nodel devel opnent
by reviewing a determnistic nodel of the firm behavior when faced with
strict liability that is comon to the law and economics literature
(Cooter and Uen, 1987). Strict liability is chosen because of the
unilateral nature of precaution regarding many environnental harms.
Uncertainty regarding the enforcement of a strict liability rule wll
then be introduced. W wll examne the effects of assunptions concerning
the distribution of that uncertainty and the nature of the cost function
associated with precaution. Next, we will focus on ex ante regulation,
beginning with a sinple determnistic nodel of a regulatory standard.
Uncertainty regarding the enforcenent of the standard will then be introduced
and its inpacts explored. Finally, we nmodel the firms behavior under the
joint use of ex ante regulation and ex post liability when enforcement of

both forms of regulation is uncertain.

A. A Mdel of the Firm Facing Strict Liability
Let x be the level of the firms precaution in preventing an
environnmental harm The costs of precaution are given by the function
C(x), which is upward sloping, i.e., C(x) > 0, and convex over the
relevant region. The expected size of the harmthat the firm can anticipate

is given by the function A(x), which is assumed to be convex and downward
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sloping over the relevant region, i.e., A(x) < 0. [A(x) enbodies both
the severity of the harmand the probability of its occurring.]

The expected social costs of the externality or harm are the sum of
the precautionary costs, C(x), and the expected costs of the harm A(x).
Assume that this sum [C(x) + A(x)], is strictly convex. The socially optimal
anount of precaution, x*, is that which nminimzes these social costs,
i.e.,

min SO(X) = [C(x) + A(X)], (1)
where SC(x) is the total social cost. At x* the narginal expected cost
of precaution equals the negative of the expected marginal cost of the
harm i.e.,

C(x*) = -A(x*). (2)

It can be shown that in the absence of uncertainty, wth perfect
victim conpensation and unilateral precaution, the firm subject to strict
liability will choose the socially optinmal anount of precaution, x*
(Cooter and Uen, 1987).

As we noted informally in the previous section, if uncertainty
exists in the determnation of proximate cause or in the determnation of
perfectly conpensatory damages for the victim then the firm may choose a
socially inefficient anount of precaution (Johnson et al.). To sinplify
the nodeling of enforcenment uncertainty regarding the firm's choice of
the level of precaution, we assume for the nonment that victim conpensation
is perfect. Gven this assunption, the focus becones the logically prior
issue of causality. The firm perceives enforcenent uncertainty regarding
whether the court will find that its actions proxinmtely caused the

victims harms. This could arise, as noted above, froma lack of the
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scientific know edge necessary to establish proximte cause. Let q(x) be
the firm's subjective probability distribution around what it perceives
as its cost-mninizing level of precaution, X 10 Assume that g(x) is a
continuous probability density with support [0,»). The probability of
the firms actions being deenmed the proximate cause of the harm and of the

firms therefore being held strictly liable to the victimis thus given

R(x) -)(rq(x)dx. (3)

That is, R(x) is the probability that the firmwll be held liable to pay

by

(perfectly conpensatory) danmmges, given a precaution |evel of amount x.

How will the firmrespond to this formof uncertainty? The firms
obj ective function can be fornulated as the minimzation of its precautionary
and expected liability costs:

Total Costs = TC(x) = d(x) + A(x)R(x). (4)

Previously we assumed that [C(x) + A(x)] is strictly convex. Now we
assune that [C(x) + A(X)R(x)] is strictly convex. The essence of the
nodel is presented in Figure 1. The socially optimal |evel of precaution,
x* is where the narginal precaution costs just equal the negative of the
mar gi nal expected harm  Wen certainty exists in the determnation of
proxi mate cause, the firms optiml amount of precaution wll coincide

with the social optimm x*. But where uncertainty exists in determning

causality, then the probability that the firmwll be held liable at any

L0ror the sake of si mplicity, we will assunme that & and x*, the social-
cost-mnimzing level of precaution, are equal. Later we will analyze
the case where & and x* differ.
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given level of precaution, say X, is the area R(x) under the distribution
and to the right of x.

It can be shown that if TC(x) is strictly convex, this function has
a uni que mnimm (Johnson et al.). The first-order condition for the
mnimnzation is

C'(x) + A" (X)R(X) - A(X)q(X) = TC'(X) = 0. (5)

Equation 5 is basic to the subsequent analysis and thus deserves
sonme interpretation. The first termon the |eft-hand-side of the equation
is the marginal cost of providing a unit of precaution. The second and
third terms sumto the expected marginal liability costs of a unit of
precaution and consist of two effects. The first effect, [A'(x)R(x)], is
the margi nal expected cost of the harmtinmes the probability of being
held liable for the harmif the firms level of precaution is equal to ii
This term which we call the "injury effect,”" is negative because A’(x)
is negative (nmore precaution reduces the severity and probability of
harms) and R(x) is always positive. But there is also a savings from

providing slightly higher precaution, a reduction in the probability of

being held liable. This savings is captured in the term{[-A(x)q(x)],
which we call the "liability effect." This termis negative because -A(x)
is negative and, by assunption, q(x) is positive. It follows that the

firmmnimzes its expected costs by taking the precaution for which the
liability marginal cost is equal to the effect minus the injury effect.
Whether a little nore or less precaution is better at mnimzing the
firms costs depends on the marginal cost of precaution and on the relative
size of the liability and injury effects. W cannot be certain of this

wi t hout naking sone additional assunptions about the conmponents of TC(x).
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For present purposes, the inportant assunptions concern the nature of the
distribution gq(x) and the behavior of the marginal cost function C (x).
Turning first to assunptions concerning the nature of the distribution

q(x), we can show (see Johnson et al.) the follow ng two propositions.
Proposition 1. Assuming a mean-preserving spread, an increase (decrease)
in the uncertainty surrounding the |egal standard will result in firms'
reducing (increasing) their level of precaution. [If the uncertainty in

determning causality is great (small) enough, firnms will take too little
(nuch) precaution vis-a-vis the social optinum

This case is shown in Figure 2.11 This figure denpbnstrates that even if
the firms expected value of precaution is x* (the social optimn) the
presence of a sufficient degree of uncertainty will result in under- or
over - precaution.

Proposition 2. If the firms subjective distribution is biased so that
its mean is below (above) the social optimum then the firmalso will take
too little (nmuch) precaution

The last case is shown in Figure 3. Note that as the distribution shifts
to the right (left) the variance of the distribution increases (decreases).
Thi s need not be the case. Exanmination of Proposition 1 suggests that if
the shift in the distribution preserved variance, then Proposition 2

woul d still hold. The result of Proposition 2 is intuitively obvious and

llthe mathematical fornulation of the appropriate density function presented
inthis figure is fromJohnson et al. The density function is a particular
type of nean-preserving spread. It is used for a simlar purpose |ater

in this paper to derive a proposition with regard to uncertainty of
enforcement of an ex ante regulation
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is not as insightful as that for Proposition 1. |t should be nade clear
that neither of the above two propositions nor those that follow depend
on the firm exhibiting risk-averse behavior. The firmis assumed to be
ri sk neutral.

Regar di ng assunptions concerning the behavior of the marginal cost
function C (x), we previously developed a third proposition regarding
whether the firm would over- or under-protect against the environmental
harm
Proposition 3. Gven a socially optimal level of precaution greater than
zero, and a sufficiently large (small) narginal cost of precaution at
the social optimum x*, then the firmwll employ too little (too much)
precaution when facing strict liability.

Li ke Proposition 2 this proposition is intuitively obvious. The results
stated in Propositions 1-3 are simlar to those of Craswell and Calfee
1984 and 1986), who anal yzed the behavior of a firm facing a negligence
rule with uncertainty regarding the [egal standard.

Earlier, we assumed that victinms were perfectly conpensated and the
focus was on uncertainty regarding the determ nation of the proxi mate
cause of the harm Now we turn to the case where uncertainty regarding
proxi mate cause is fixed but conpensation is inperfect. The effect of
i nperfect conpensation on the firms precautionary decision can be stated
as a fourth proposition:

Proposition 4. Assume that the firm s expectation of the costs of a harm
is greater (less) than A(x), society's expectation regarding these costs.

If so, then the firmw |l oversupply (undersupply) precaution when subject
to strict liability.

This proposition is illustrated in Figure 4.
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An exanple of a potential case in the environnental regulatory arena
to which the above nmodel and propositions mght apply is that of the
smal | -firm generator of hazardous wastes. Prior to the 1984 Amendnents
to the Resource Conservation and Recovery Act (ARCRA), small-firm generators
of hazardous wastes faced little or no regulatory requirenents in the handling
of such wastes. These generators did however face public liability
actions under the Conprehensive Environnmental Response, Conpensation and
Liability Act (CERCLA) of 1982. But given the lack of record keeping
regarding their disposal of hazardous wastes and therefore the difficulty
of establishing causality, and problems with USEPA' s Superfund Program
there was a great deal of uncertainty regarding enforcement. Along with
this great uncertainty were the relatively high marginal costs to these
smal| firms of proper hazardous waste disposal and the reality that only
public causes of action held any real chance of successful litigation. Gven
these factors, Propositions 1,3, and 4 would point to a high degree of
under - precaution by these firms. Congress may have intuitively understood
this when the small generator provisions in ARCRA were nmade considerably

tighter.

B. A Mdel of the Firm Facing an Ex Ante Regul ation

W now abandon strict liability for the moment to exam ne the case
of the firms behavior when facing an ex ante regulation. Because the
determnistic nodel of the firm under these circunstances is well known,
we Wi ll proceed inmediately to the case of uncertain enforcenent. CQur
task is greatly sinplified by noting that the analysis of an uncertain ex

ante regulation |ooks very much like that of an uncertainly enforced
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negligence rule, as described in Johnson et al. and Craswel|l and Calfee
(1984 and 1986).
For the case of a fixed fine for violating the regulation the firns
obj ective function can be formulated as

mn Total Costs = TC(x) = C(x) + F(y)p(x) (6)
X

where C(x) is defined as the costs of precautionary neasures to neet the
regulation, F(y) is a fixed fine for not neeting the required |evel of
precaution (y) (F(y) > 0 for x <y and F(y) = 0 for x =2vy), and P(x) is the
probability of being found in violation of the regulation. P(x) like

R(x) in our earlier nodel of strict liability is given by

P(x) - )f g(x)dx (7

where g(x) is a continuous probability density with a support [0,=). as
before we will assume that [C(X) + F(y)P(X)] is strictly convex. W will
al so asunme that y is set equal to the social optinum  The first-order
condition for the nmininization of Equation 6 is
TC (x) = C'(xX) - F(y)g(x) = 0 (8)
or
C'(X) = F(y)g(®) .12 (9)
An obvi ous question is how the distribution g(x) and the marginal
cost function C (x) will affect the choice of x relative to the regulatory
standard y. That is, can we tell whether uncertain enforcenment of the
regul atory standard punished by a fixed fine will induce optimal precaution,

over-precaution, or under-precaution? W can determine this by evaluating

12The exposition here closely follows that of Craswell and Calfee and
Johnson et al. for a firmfacing a negligence rule with a fixed fine.
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the sign of TG'(x) in Equation 8 when the firnmis precaution is just equa
to the regulatory standard. Because TC(x) is strictly convex and is minimzed
at x, TC(y) <0 wieny <xand TC(y) >0 for x<y.
As in our discussion of the firm s behavior when facing a strict
liability standard, let the exposition first turn to assunptions regarding
g(x). To facilitate our conparative static analysis, we introduce a

particular type of mean-preserving spread on g(x):

vg la(x-y) +y,], for x z-ZL%le
g, (x) = {0 (10

, otherwise
where y is the expected value of x when x is distributed as g(x). It is
easily seen that g1(x) = g(x). The density function g,(x) is well-behaved
for all values of ¥ > 0, and random variables distributed according to g
and g, have the sane nmean. A decrease in y causes the spread of gy tO
increase, and an increase in -« causes the probability nass to become
concentrated at the nean simlar to what occurs in Figure 2 for gg(x), a
hypot heti cal distribution.

As uncertainty concerning enforcenent of the ex ante regulation
becones greater (less) for the firm i.e., as « gets snmaller (larger),
g(y) becones snmaller (larger) causing TC (y) in Equation 8 to becone
positive (negative). This inplies that x is less (greater) than y. This
result can be nmade into a formal proposition.

Proposition 5. Assune that uncertainty regarding the enforcement of the
regul atory standard y is distributed according to g(x) with g(x) > 0. |

(in the sense of Equation 10) uncertainty is sufficiently large (small),
then the firm subject to the standard will take too little (nmuch) precaution.
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The proof of this follows that for proving Proposition 1 given in Johnson
et al. It can be shown that a sufficiently spread out (compact) version
of g(x) exists such that TC (y) in Equation 8 becones positive (negative).
Since C(x) >0, there exists a ¥ > 0 such that TC (y) becones positive
and at |east one value such that TC (y) beconmes negative

Having the firms expected value of precaution equal to the regulatory
standard is not sufficient to insure that the level of precaution enployed
by the firmis in fact equal to that standard. This is true even for
come risk-neutral firms. (Note the anal ogy between Propositions 1 and 5.)

This last proposition should convince the reader of the equival ency
of an analysis of uncertain enforcement of a regulatory standard and that
of uncertain enforcenment of a negligence or strict liability rule. This
will allow us to expedite the formulation of two nobre propositions regarding
uncertain enforcement of a regulatory standard. The first of these
regards biased perceptions of g(x):
Proposition 6. If the distribution g(x) is sufficiently biased in the
sense of Figure 2 to the left (right) of y, and gq(y) > 0, then the firm
will take too little (little) precaution.
The proof of this proposition follows that given Johnson et al. for
proving Proposition 2. Wiile not proving a simlar result, Craswell and
Cal fee show by neans of simulation that the exact assunptions regarding
the bias for either a shift in the nean or change to a non-symretric
di stribution around the standard do not affect Proposition 6

Next we will deal with the effect of marginal cost on the firms

choice of x when there is uncertain enforcenent of the regulatory standard.
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Proposition 7. Gven g(y) > 0, then for suitably large (s
cost of precaution at the regulatory standard, y, the firm
too little (nuch) precaution vis-4-vis the standard.

3
=

=

(Note that Proposition 7 is equivalent to Proposition 3 presented earlier.)
By now the reader should be aware that Propositions 5 through 7
woul d hold if the firmfaced a fine based on the |evel of precaution

The firms objective function could be witten as

m'Xn TC(x) = C(x) + F(y-x)P(x) (11)

where F(y-x) is the fine function that neets the follow ng conditions:
F(*) 2 0 (x = 0),equals zero when x =y, and 8F(+)/8x < 0.
W may sumarize the results of this section in the follow ng way:
if any or all of the following conditions are true--there is great (small)
uncertainty regarding enforcement of the regulation; there is a |eftward
(rightward) biased perception of the uncertainty surrounding enforcenent
of the regulation; or there are large (snall) marginal costs at the
regul atory standard, then Propositions 5 through 7 state that we woul d
expect the firmto take too little precaution by conparison to the regulatory

standard

C. A Mdel of the FirmFacing Both Ex Ante Regul ation and Ex Post Strict
Liability

W now conbine the separate anal yses of uncertain enforcement of ex
ante regulation and ex post liability in order to see under what conditions

this sinultaneous use of ex ante and ex post policies is efficient. W
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will first ook at the case of uncertain enforcement of strict liability
but certain enforcenent of a regulatory standard.l3

Introduction of the ex ante regulatory standard can be nade by
assuming that the firms distribution around the social optimumis truncated.
W assune that, given a regulatory standard, y, the firmwll not take
precautionary measures below y and that, therefore, the probability distribu-
tion around the social optinumis truncated. The result of this assunption
is to nmove the probability mass that would be to the left of y without a
regul atory standard to the right of y, i.e., there is a zero probability
that the firms choice of x will be belowy. This will have the effect
of raising the density function to the right of y and shifting the nean
of the resulting probability distribution. The intuition behind this
truncation assunption is that after the inposition of a regulatory standard,
the firm perceives that the further its choice of x is to the right of y
the less likely it will be found liable. This truncation assunption
allows us to nodel the firms behavior without a fine being associated
with violation of the ex ante regulatory standard. Truncation alone is
sufficient to affect the firm's behavior.

The new density function, g{x), that results from our truncation
assunption has a conditional distribution

ax) = qx| x = y). (12)

The conditional probability R(x) that the firmw Il be found strictly

liable if its level of precautionis x is

R(x) = RO (13)

135 certain regul atory standard can be thought of as having a point distribu-
tion regarding uncertainty of enforcenent.
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The firm s objective function becones

m')fg TO(x) = C(x) + A(x)R(x). (14)

The first-order condition for this mininmization is
TC'(x) = R(y)C'(X) + A’'(X)R(X) - A(X)q(X), (15)
were x is now understood to mean x(y).
To show the firm's response to changes in the regulatory standard
requires total differentiation of Equation 15 and the evaluation of the

sign of dx/dy. The result of the total differentiation is

dx q@C'®
—_—= - — — - N (16)
dy R([yIC"(x) + A"(X)R(x) - 2A"(X)q(x) - A(x)q' (%)

Since [C(x) + A(x)R(x)] is convex, the denominator of Equation 16 is
positive. The numerator is also positive, which inplies that dx/dy is
greater than zero. Therefore, increasing the regulatory standard, y, has
the inmpact of increasing the level of precaution taken. The results of

this analysis can be stated as a proposition (Johnson et al.).

Proposition 8. Gven that the firm faces strict liability with uncertain
enforcenent, inposition of a certain ex ante regulatory standard will always
i nduce nmore precaution by the firm This will promote efficiency if the
firm would under-protect without ex ante regulation and will exacerbate
inefficiency if the firmwould over-protect in the absence of ex ante

regul ation.

In principle the optimal l|evel of the regulatory standard, y*,
needed to induce the firmto choose x can be determined. However, the
rel ati onship between y* and x* can be shown by sinply rewiting Equation

15 after substituting in Equation 2, as

¢’ (x*)[R(y¥) - R(x™)] - AGx®)q(x*) = 0. (17)



26

Eval uation of this equation gives us another proposition.
Proposition 9. The optimal ex ante regulatory standard, y*, given its
certain enforcement and the uncertain enforcement of ex ,post liability, wll
be less than the socially optinal |evel of precaution, x , provided g(x*)
> 0. y* = x* iff gq(x*) = 0.

The situation of a hazardous waste landfill firm facing both ARCRA and
CERCLA can now be evaluated in light of Propositions 8 and 9. Under
CERCLA the firm faces potential pre- and post-closure liability with
uncertain enforcement for the cleanup of leaks fromthe site. If the
landfill site is currently not a Superfund site, then the uncertainty
regarding pre- and post-closure liability may be great. This uncertainty,
coupled with the fact that in all likelihood the firmwll only face
public causes of action and that as a result there will be less than
perfect conpensation of victims, will result in the firnmls providing too
little precaution. However, under ARCRA the firm faces nearly certain
enforcenent of ARCRA regulations regarding the construction of the landfil
site, and the handling and recording of wastes received. These ex ante
regul ati ons should force the firmto chose a higher |evel of precaution
than it would under CERCLA alone and thus to nove toward the social
optimum It is still an open question as to whether the regulations are
sufficient to shift the firms choice of |evel of precaution to the
social optinum

The final enbellishment to the present nmodel is to include the
possibility that there is uncertain enforcenent of both the ex ante
regul atory standard and ex post liability. 1In adding uncertainty regarding
the enforcement of ex ante regulation, we nust |look at the possible states

of the world that the firm faces.
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1. The firmw Il be found in violation of the regulatory standard
and therefore found liable for all environmental harnms stenmming
fromsuch a violation.

2. The firmwill not be found in violation of the regulatory
standard but will be found strictly liable for the environmenta
har ms.

3. The firmwill not be found in violation of the regulatory
standard nor will it be held strictly liable for the environnenta
har ms.

The first two of these outcomes indicate a conditional relationship
between being found in violation of the regulatory standard and being
held strictly liable for alleged environnental harnms. W can think of
the firmfacing a sequential process--it is first determ ned whether or
not it has violated the regulatory standard; then it is determined if it
is strictly liable for environmental harns. If the firmis not in violation
of the regulatory standard, then in the second step of the process it is
assuned that its level of precaution is at |east equal to the standard
This allows the retention of g(x) as the appropriate density function.

Gven a fixed fine for violation of the regulatory standard, the

firms objective function can now be witten as

mn TC(x) = C(x) + F(y)P(X) + AX)(P(x) + [1-P(x)]R(x)}. (18)
<

As before we will assume that the right-hand-side of Equation 18 is

strictly convex. The first-order condition for Equation 18 is

TC' (%) = R(F){C'(R) + A" (X)P(X)- g(X)[F(y) + AX)])
+ R(X)(A'(X)[1 - P(X)] + g(X)A(X))
+ q(R)P(R)A(R) = 0. (19)

As was the case above we need to totally differentiate Equation 19 and
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determne the sign of dx/dy. The results of total differentiation, upon
rearrangenent of the terms, is
dx q(y)(C’'(X) + A" (X)B(X) - g(X)[F(y) + A(X)])

dy D(er)

wher e

D(X,y) = R(y)(C"(X) + A"(X)P(X) - 2g(i)A'(i) - g'(X)[F(y) + A(X)]) (21)
+ A"(X)R(X) [1-B(X)] - A" (X)g(X)[1 - P(X)] + 2A' (X)R(x)g(x)

the second derivative of the total cost function TC(x).

D(x,y) is positive because Equation 18 was assuned to be strictly
convex. The nunerator of Equation 19 is also positive if the uncertainty
surrounding the enforcenent of the regulatory standard is in some sense
small, which inplies that dx/dy is greater than zero. % Thus in this
case, just as was the case for the regulatory standard given certain
enforcement, increasing the minimally acceptable regulatory standard has
the effect of increasing the precaution taken. This outcome follows from
the fact that the determination of violation cones prior to the judgenent
of liability. Note that if dx/dy 0, this would be a prima facie for
the abandonment of strict liability because y* would need to be set
greater than or equal to the social optinmum x*.

The inplication of the above findings is that if x < x* (i.e., x(0)
< X*) but greater than y prior to the inposition of the ex ante regulation,
then the introduction of regulation will pronote efficiency. If, on the*

contrary, x(0) > x*, then ex ante regulation with small uncertainty will

léthe definition of small uncertainty here is that which will result in
too nuch precaution regarding the regulatory standard, i. e., x > vy. If
this is the case the term F(y) equals zero
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exacerbate the inefficiency that exists when there is uncertain enforcenent
of a strict liability rule.
Proposition 10. The inposition of an ex ante regulatory standard, given
the existence of a strict liability rule, will pronote efficiency if the
firm woul d under-protect in the absence of the standard and will exacerbate
inefficiency if the firn1moutd over-protect without the standard. This
only holds if the choice of x is greater than y inplying that there is
relatively little uncertainty regarding the enforcenment of the regulatory
st andar d.

Finally we can explore the relationship between the optinal |evel of
the ex ante regulatory standard, y*, and the socially optinmal |evel of
precaution, x*. From Proposition 10 we know that y* = 0 if and only if
x(0) = x*. For x < x*, y* >0 will pronote efficiency. Wiat |evel of y
will make x = x*? The answer can be found by substituting x* for x in
Equation 19 and solving for y*. However, While the actual conputation of
y* can be conputed, the regulators must know the cost of precaution for
the firmand the characteristics of the density functions qg(x) and g(x).
St oppi ng short of actually solving Equation 19 for y*, we can rewite it,
usi ng Equation 2, as

TC (%) = [R(y*) - R(x*)][C (x*) - C(x*)P(x*)]
- ROy*)g(x*) A(x*) + R(x*)g(x*)A(x*)
+ g(x*) PO A(x*) = 0.13 (22)
For the equality with zero to hold, the term [R(y*) - R(x*)] nust be
positive. This inplies that the optinum level of the regulation is |ess

*

than or equal to the optimal |evel of precaution, i.e., y* <= x",

15Note that the term F(y) is equal to zero at x* and does not appear in
Equation 22.
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Proposition 11. The optinmal level of the ex ante regulatory standard,
y*, given that strict liability exists, will be less than the socially
optimal |evel of precaution, x*, provided q(x*) > 0 and g(x*) > 0.
Note that unlike the case of a certain ex ante regulatory standard There
will be no case where y* = x*, because there is uncertainty surrounding
the enforcement of y*. It should also be intuitive that with uncertainty
surrounding the enforcenment of y* being small in the sense used in Proposition
5, the distance between y* and x* will be greater with uncertain enforcenent
than with certain enforcenent.

The inplication of the above finding is that where the optinal
precaution calls for the joint use of ex ante regulation and
ex post strict liability the regulatory standard should be set below the

socially optinmal |evel of precaution.

V. Concl usions

There are two groups of conclusions that can be drawn from the above
research. The first group of conclusions is regarding the use of either
an ex ante regulatory standard or ex post strict liability rule by thenselves
when either has uncertain enforcement. The second group of conclusions
concerns the conplementary use of ex ante regulation and ex post strict
liability.

The first conclusion regarding the sole use of either ex ante
regul ation or ex post strict liability when neither has certain enforcenent
is that if the uncertainty has an expectation of the social optimm X"
(or y* = x*), neither policy will result in an efficient outcome from
society's point of view Wth regard to either policy the firmwll take

to little (nuch) precaution if:
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L according to Propositions 1 or 5, depending on the policy, if firns
uncertainty regarding enforcenment is too large (snall)

2. according to Propositions 2 or 6, depending on the policy, if
the firms subjective distribution regarding uncertainty of
enforcement is sufficiently biased bel ow (above) the social
opti num and

3. according to Propositions 3 or 7, depending on the policy, if
the firms marginal costs at the socially optimal [evel of
enforcement is large (snall)

Furthernmore, in the case of ex post strict liability, according to Proposi-
tion 4 under-(over-)estimtion of victim conpensation will result in too
little (much) precaution. Gven the great deal of uncertainty surroundi ng
the nmonitoring and enforcement of ex ante regulation and the uncertainty
surrounding the enforcement of ex post strict liability with regard to
environmental problens, it appears that the sole reliance on either one
policy or the other is unw se.

W can also derive inportant conclusions regarding the conplimentary
use of both ex ante regulation and ex post strict liability. First, when
the joint use of these two policies is desirable then the optiml regulatory
standard, y*, should be less than the social optimum Aso, if there is
smal | uncertainty in the sense of Proposition 5 surrounding the use of an
ex ante regulatory standard, the optinal |evel of y* should be set |ower
than that if there was certain enforcenent. Finally, the ex ante regulatory
standard shoul d be used by itself if there is certain enforcenent and the
firms density function, q(x), regarding the enforcement of the strict
liability rule equals zero; or a novenent of the ex ante regulatory
standard toward x* does not result in a higher |evel of precaution on the

part of the firm This may point to the correctness of regulating hazardous

wastes with both ARCRA and CERCLA.
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Finally, the validity of the above nodeling effort can only be
proved regarding the real world by enpirical work. The nobst suitable
met hod for enpirical analysis may be simulation as enployed by Craswell

and Cal fee (1986).
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Figure 1.
The Social Problem with Evidentuary Uncertainty for the Injurer
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Figure 2.
Two Levels of Uncertainty Around x*
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Figure 3.
Bi ased Uncertainty



Density

q 0, b> 1

qb(x), b <1

B ]
X
Amount of Precaution




37

Figure 4.
The Injurer’s Decision Wth |nperfect Conpensation
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1. Introduction

Over the past few years considerable support has devel oped for
establishing transferable discharge pernmt (TDP) markets for controlling
pol I ution. This interest in TDP markets is the result of a grow ng
di senchantnent with existing policies that rely on direct controls in the
form of technol ogy-based emnissions standards. In addition to criticizing
existing policies on the grounds of allocative inefficiency, many anal ysts
have enphasi zed the problens of enforcing themin the face of wi despread
nonconpl i ance. ' Little attention has been gi ven, however, to the
consequences of nonconpliance for the alternative policy instrunments
prescri bed such as TDP narkets.

The problens encountered in enforcing the current policy have been
due largely to the technical difficulties in continuously nonitoring
pol lutant emssions, and the absence of well-devel oped nechanisns for
assessing penalties for nonconpliance. As long as these deficiencies
persist, nonconpliance and the consequent need for enforcenent will be an
intrinsic part of any effective pollution control policy.

Thi s paper examnines the consequences of nonconpliance for a TDP
mar ket . It does not attenpt to characterize the optimal policy for
enforcing such a market. Rather, it examnes the effects of nonconpliance
given fairly general assunptions about the characteristics of the
enforcenment policy in place. This is acconplished by formally
i ncorporating nonconpliant behavior in a standard market nodel

The first part of the paper exam nes questions such as whether TDP
markets retain their efficiency properties in the presence of

nonconpliance, and what the effects of nonconpliance are on the equilibrium



permt price. The second part of the paper conpares the consequences of

nonconpliance for a TDP market with those for an effluent tax policy, and
di scusses the problens that are likely to be encountered when inplenenting
a TDP market given nonconpliant behavior

The existing literature on nonconpliance and the enforcenent of
environnental policies is quite snall. The first theoretical work is due
to Harford (1978), who exami nes the behavior of a nonconpliant, rjsk-
neutral firmunder two different policy instruments -- standards and taxes.
A simlar analysis is presented by Storey and McCabe (1980) for the case of
a risk-averse firm The only formal treatment of nonconpliance in a TDP
market is contained in a paper by Beavis and Wl ker (1983). They develop a
sinmple nodel of a TDP nmarket consisting of risk-neutral firns with
stochastic pollutant discharge. The primary aimof their paper is to

denonstrate that the frequency of nonitoring does influence poll utant
di scharge when the latter is stochastic, contrary to what is allegedly
found by Harford under the assunption that discharge is deterninistic. As
is shown below, Beavis and Wl ker incorrectly apply Harford s effluent tax
model to a TDP market. Pollutant discharge is, in fact, a function of the
frequency of nonitoring whether discharge is stochastic or not.

A sinplifying assunption made in this paper is that a firnis
location is irrelevant: a unit of pollutant discharged by one firmis
identical to that of any other firminsofar as its effect on anbient
quality. Achieving a total discharge goal is then equivalent to
mai ntaining a prescribed |evel of ambient quality, the usual context in
which TDP narkets are discussed. This assunption merely allows for an
econony of notation; relaxing it does not materially alter the results

present ed.



2.  The Model

The TDP market consists of n firms and a central authority responsible
for issuing permts and ensuring that firms do not discharge nore than the
permtted amount. A total of S, pernits are issued by the centra
authority. These are allocated among the n firnms via an auction or some
other suitable nechanism  The authority may, for instance, initially
distribute pernmits free, based on sone equity criterion, and then allow
firms to trade them The firns are assuned to be price takers in the
permt market and in their output markets.

The ith firms profits fromengaging in the pollutant generating
activity, excluding permt and fine paynents, are given by a snooth,
strictly concave function Bi(wi) of pol | utant discharge.z As is
pl ausi bl e, profits first increase in L reaching a maxi num at w?, and
then decline, as it becones necessary for the firmto devote resources to
generating pollution to further raise its discharge level. Cearly, the
firmwould not operate in the latter region.

The n firms face a conmon permt price r. Permit holdings are denoted
by sit and the nunber of permits a firminitially receives free, if any, by
so. If afirmis conpliant, w = Si and the magnitude of its violation,

Vi is zero. If a firmis nonconpliant, wi> S, and the magni tude of

its violation is given by v, =w - si{

Audit Probability and Penalty for Violations

The exact anount of pollutant discharged by a firm can be determ ned
by the central authority only by conducting a conpliance audit. It is

assuned that these audits are unannounced and that firns cannot vary their



pernmit hol dings or pollutant discharge |evels during an audit.

The central authority’s decision on whether or not to audit a firm may
depend on a variety of factors. These include the nunber of permits held by
the firm (which is presumably public know edge) and an estimte of the
firms pollutant discharge. The authority's ability to derive such an
estimate, and its accuracy, wll depend on the nature of the pollutant, its
effects on environnental quality, and the characteristics of the firms
production process. For instance, particulate em ssions from a snokestack
can be estimated quite easily by rempte nonitoring. However, estinmating
di scharges of water pollutants is likely to be difficult without
conducting an on-site audit.

Fromthe firms perspective, audits are uncertain. This may be due to
intentional randommess in the authority's audit policy or to uncertainty on
the firms part regarding the authority's estimate of pollutant discharges.
Thus, a firms subjective probability of being audited is given, quite
general ly, by pi(wi,si;e), where e is a vector of audit policy paranmeters
set by the central authority. Since the enforcenent policy is taken as
given, this parameter vector generally will be onmtted. Note that the
subscript on pi(.) implies that the audit probability functions are all owed
to vary across firns. The presence of W in the probability function
reflects the assunption that the authority's estinmate of pollutant
di scharges is a function of actual discharges.3 Assuming the estimate is
an increasing function of actual discharges, we would expect the audit
probability to be non-decreasing in W The rel ationship between the |evel
of permit holdings and the audit probability is nore difficult to specify.
It can be argued that the probability is increasing in s, over sone

intervals and decreasing over others. | allow for both these



possibilities.

It should be noted that the specification of the audit probability
function includes the special cases of a constant audit probability, that
's, one independent of w, and s_, and an audit probability dependent only

on the firms violation size,y = w- g
]

.
1 1

If audited and found in nonconpliance, the firmincurs a certain
penalty, the nagnitude of which is given by a snooth, increasing function
of the firms violation size Fi(vi;é), where & is a vector of penalty
policy paraneters set by the enforcenent agency. As with the audit

paraneters, the penalty parameters generally will be onmitted bel ow.

Firm s Decision Problem

G ven the audit uncertainty, each firm seeks to maximize its expected

utility of profits, E[Ui(ni)],

(1) \er;( [(1-p,)u (n]) + p,U, (. )]
wher e

TT? = Bi(wi) - r(si- s‘:)

TI'; = TT? - Fi(vi)

and p, = P, (W,,s.).

3. Optinmal Pollutant Discharges and Permit Hol di ngs

Pol | utant Di scharge

Omitting the firm subscript, the first-order conditions for an interior

solution to (1) are:

(2) (1-p)U'(r®)B' + pu'(n') (8'- F) = S2 (wn®) .y



) - uir' )

@

(3) -(1-p)U'(r°)z + pU'(n’ )(-r + F) =

Adding (2) and (3) and rearranging terns yields

a 1
(4 BlGw) = xr g [UlT) - Uiy
E{U!(m, )]
1 1

wher e .= api/awi+ api/as{. The key expression in this equation is the
second termon the RHS. Since [U(no)-U(nl)]/E[U'(n)] > 0, the sign of the
second term depends on that of ?,.As noted earlier, api/awiis likely to
be non-negative, but api/asi may be positive or negative. Hence, at this

| evel of generality, the sign of ¢i i s anbi guous. Note, however, that if
(5) $, = api/awi+ api/asi= 0
over the relevant range, (4) reduces to
(6) Bi’(wi) =r,
which is identical to the abatement decision rule enployed by a firmthat
is, by assunption, perfectly conpliant. (A conpliant firm maxim zes Bi(wi)'
r(wi-so).)

Thus, if ¢.= 0, the quantity of pollutant discharged by a nonconpliant
firmfor a given pernmit price. is equal to that discharged by an otherw se
i dentical conpliant firm w?(r) = W?(r), where W denotes the pollutant
di scharge of the conpliant firm  An obvious corollary to this result is
that when ¢i= 0 the quantity of pollutant discharged by a nonconpliant firm
does not directly depend on the enforcement policy, or on the firms
attitude towards ri sk,

Al t hough the condition ¢i= 0 is fairly stringent, there are two

interesting cases when it does hold. The first is when, over the relevant



range, the subjective audit probability is a constant, independent of the
firm s decisions, then, api/awi = Elpi/asi = 0. The second case is when,
over the relevant range, the audit probability is a function of the firns
violation size, that is, pi(wi,si) = Pi(wi— si); t hen, api/aw1 = pi' and
api/asi = —Pi'. For these two cases, the abatenent decision rule enployed
by a nonconpliant firm (6) is identical to that used by a conpliant firm
In general, however, the presence of the second termon the RHS of (4)
drives a wedge between the pernit price (r) and nmarginal profits (B;). The
sign of this term depends on the characteristics of the audit probability
function. Its magnitude is determined, in part, by the firnis attitude
towards risk, The strict concavity of the profit function inplies that if
the second termis negative, the quantity of pollutant discharged by a
nonconpliant firmis larger than that of an otherw se identical conpliant
firm(w': > 7:). Conversely, if the second termis positive, the quantity

of pollutant discharged is smaller (w: < 7:).

Permit Demand and Equilibrium Permit Price

The above results present somewhat of an enigma. They indicate that,
for a given pernmt price, the quantity of pollutant discharged by non-
conmpliant firms ny be equal to or even snaller than the quantity
di scharged by otherwise identical conmpliant firns. Yet, by definition,
aggregate discharge must be higher in a TDP market in which firns are
nonconpl i ant. Upon reflection, it is apparent that for these two
observations to be reconciled, the equilibriumpernmit price in a
nonconpliant TDP market nust differ fromthat in a conpliant market.

Exami ning the first-order condition for s (3), it is clear that a

nonconpliant firms demand for permts, s’:(r), depends on its attitude



towards risk and on the characteristics of the enforcement policy it faces.
Hence, the equilibriumpernmit price will also depend on these factors.

As is true for pollutant discharge, the relationship between a
nonconpliant firms pernmt demand and that of an otherw se identical
conpliant firm depends on the characteristics of the firnms subjective
audit probability function. As established above, if . i S non-negative,
w? = 7; Si nce w:' > s: for a nonconpliant firm it follows that s: < G‘:
when ¢iz 0, that is, the permt demand of a nonconpliant firmis |ower than
that of an otherw se identical conpliant firm (A conpliant firms permit
demand is identical to its pollutant discharge level.) However, if ¢i is
negative, vv,: > \7: Al though it is still true that w: > s:' for a
nonconpliant firm this inequality no longer inplies an unambi guous
rel ati onshi p between s* and \T: Thus, it is possible when ¢. < 0 that the
nunber of permts demanded by a nonconpliant firmis higher than that
demanded by an otherwi se identical conpliant firm over some range of permt
prices (i.e., w: > s’: > ;":).

The absence of an unanbi guous relationship between the pernmit demands
of nonconpliant and conpliant firnms inplies that no determnate
rel ati onship can be established between the equilibriumpermt price in a
mar ket with nonconpliant firns (r*) and the equilibriumprice in a market
with otherwi se identical conpliant firms (r*). In particular, one cannot
rule out the perverse possibility that the equilibriumpermt price in a
nonconpliant market is higher than that in a conpliant market. However,
for the special case where ¢i is non-negative for all nonconmpliant firms in
the TDP market, r* < r*. This is shown bel ow.

The equilibrium permt price in a conpliant market is inplicitly given

. e
by the equati on, xZW (r) =S whereas the equilibriumprice in a

9
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nonconpl i ant market is given by ? si(r) = 5., When ¢, is non-negative,

G? > s?, hence

TV A > TsT(rr) = s
Si nce GT(I) is decreasing inr (see (6) and recall B; < 0), it follows that
r* < r*, Thus, when ¢i < 0 for all nonconpliant firms (a condition which
is automatically satisfied when audit probabilities are constant or a
function of violations size), nonconpliance results in a lower equilibrium
permt price.

The above analysis indicates that the principal effect of
nonconpliance in a TDP market is to alter the equilibriumpermt price.

An inmportant inplication of this result is that nonconpliance on the part
of even one firmin the market will affect the pollutant discharge |evels
of all the other firms through its inpact on the equilibriumpermt price.

Sone of the results derived thus far are illustrated in Fig. 1 for a
TDP market consisting of two risk-neutral firms with audit probabilities
that, for ease of exposition, are assuned to be constant for all values of
w, and S - Each firms marginal profit curve (B;) is depicted along with
its margi nal expected penalty curve (piF;). Firm1' s pollutant discharge
and permt holdings are neasured fromthe left side of the box, and Firm
2's fromthe right side. The distance between the sides of the box
represents the total number of pernmits issued, S.-

If we ignore the possibility of nonconpliance, the equilibrium permt
price, r*, and the equilibrium allocation of permts, AE, are determined by
the intersection of the marginal profit curves. Since the firms are
conpli ant, Ac also gives their pollutant discharge |evels.

If we allow for nonconpliance and consider the narginal expected

10



penalty curves faced by each firm it is clear that Firm2 wll be
conpliant in equilibriumsince its marginal expected penalty evaluated at v
= 0 is larger than r*, which is an upper bound on the equilibrium permt
price in the presence of nonconpliance. Firm 1, on the other hand, will
choose to be nonconpliant.

Trading in the market amounts to sliding the ‘branch” fornmed by the
mar gi nal expected penalty curves parallel to the horizontal axis. At the
equilibriumdepicted, Firm1' s narginal expected penalty is equated to its
margi nal profit, which, in turn, is equated to Firm2's marginal profit.
The common val ue of these three quantities is the equilibriumpernt price,
r*. Clearly, r* ¢ r* given the assunption that the audit probabilities are
const ant.

The equilibriumallocation of permts in the presence of nonconpliance
is given by An. Since Firm2 is conpliant, its pollutant discharge is
equal to its pernit holdings. However, Firm 1's discharge is given by
Olw:, whi ch exceeds its pernit hol dings by the anount vy Both firns

di scharge nmore than they do in the absence of nonconpliance.

Desirability of Equating Marginal Profits

In principle, when firns are perfectly conpliant, TDP nmarkets
mnimze the cost of achieving a given total discharge |evel since they
ensure that marginal profits with respect to pollutant discharge
are equated across firns. As we have seen, when firnms are nonconpliant,
margi nal profits may not be equated across firns. Only when the audit
probabilities satisfy the condition in (5) over the relevant range do firns
equate their marginal profits to the comon pernit price r. To concl ude

fromthis result that TDP markets may not be efficient when firns are
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nonconpliant, it is necessary to establish that equating marginal profits
is desirable even when firnms are nonconpliant.

In the perfect conpliance case, the desirability of equating margina
profits is denonstrated by nmaximzing a social net benefit function of the
form(Z Bi(wi) - D(Zw”], where D(.) captures the damages from poll utant
di schar ges. The central authority is assumed to be able to directly
control each firm's pollutant discharge. The first-order conditions for
this problem establish that discharge |evels are chosen such that margina
profits are equated across firns and set equal to the marginal danmge
from pollution.

The relevant benchmark maximni zation problemin the nonconpliance case
is considerably nore conplicated. It is now inappropriate to assune that
the central authority can directly control each firm's pollutant discharge.
However, it is reasonable to assune that the authority can indirectly
control discharges by issuing non-nmarketable pernmits to firns: in effect,
setting a discharge standard for each firm  Further control of discharges
is provided by the authority's choice of enforcement policy. The objective
function of the problem changes to the extent that it nust also include the
costs of enforcemant.4

Characterizing the solution to the benchmark problem described above
requires an analysis of the optimal enforcement policy, which is outside of
the scope of this paper. The approach adopted here is to examne, instead,
a sub-problem of the conplete welfare maximzation problem one in which
the enforcenent policy is taken as given, and only the allocation of
non-mar ket abl e permits is variable. The first-order conditions for the
solution to this problem are a subset of those for the conplete problem

Since the enforcenent policy is taken as given, enforcement costs are

12



a constant and, for our purposes, can be omtted fromthe objective function.

Hence, the objective function is identical in appearance to that for the

perfect conpliance case:

1=

(7) max }n: B.(v;?) - D[}r:“, ;/*],

.. 1 i
1 1=l

;- S m . . . .
wher e W o= wi(si)denotes a firms optimal pollutant discharge |evel given
a fixed nunber of pernits, S.. The first-order conditions for an interior
solution to this problemare

aw?
(8) (B; - D')g—— =0 i=1,...,n.
S,

i
These differ fromthe corresponding conditions for the perfect conpliance
case by the presence of 83:/asi. They inmply, nonetheless, that it is
desirable to equate marginal profits even when firns are nonconpliant. W
can therefore conclude that when firns are nonconpliant, TDP markets are

efficient only if $. = Oover the relevant range for all firns.

4. An Alternative Interpretation -- Effluent Taxes

A straightforward reinterpretation of the TDP nodel devel oped above
allows us to exam ne the consequences of nonconpliance for another
pol lution control policy w dely advocated by econonmists--effluent taxes.
To convert (1) to a nodel of a nonconpliant firm facing an effluent tax,
set s? equal to zero, and redefine Si to be the reported discharge on which
taxes are paid and r to be the unit effluent tax. Nonconpliance now takes
the form of tax evasion, that is, a firmunder-reports its discharges. If
the tax evasion is not detected, the firm pays taxes only on its reported
di schar ge S, - However, if the firmis caught, it also pays a penalty of

13



F;(VJ based on the discrepancy between actual and reported discharge V.=
WS

The apparent identity between the nodel of a nonconpliant firmin a
TDP nmarket and that of a tax-evading firmmnust be interpreted with caution.
In the effluent tax interpretation of (1), the effluent tax, r, is
presumabl y exogenous and not a function of firmbehavior.® In contrast, in
the TDP market interpretation, r is the equilibriumpernmt price which, as we
have seen, is influenced by nonconpliance and is endogenous. However, if
we consider the firmin a TDP market in a partial equilibriumsetting
there is no substantive difference between the TDP market and effluent tax
interpretations. Hence the results derived for the TDP nodel when r is
fixed are those that would obtain for a firmfacing an effluent tax. In
particular, we can state that a tax-evading firm sets its narginal
profits equal to the effluent tax only if its audit probability function
satisfies the condition .= 0 over the relevant range. |If this condition
is met, nonconpliance does not affect the quantity of pollutant
di scharged by a firm it only inplies |ower tax revenues.

The above results are a generalization of those obtained by Harford
(1978) and Storey and MCabe (1980) using sinmpler nodels of the tax-evading
firm Beavis and Wl ker (1983) incorrectly conclude from Harford' s tax
nodel that even in a TDP market a firm s pollutant discharge is unaffected
by changes in the enforcenent policy when discharge is determnistic (as is
assuned here). Their error stems from overlooking the indirect |ink between
a firms discharge decision and the enforcement policy via the equilibrium

permt price.
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5. Inplementing a TDP Market when Firms are Nonconpliant
Detecting Violations

The results obtained above suggest that a system of transferable
permts may not be as robust to nonconpliance as an effluent tax. As we
have seen, under certain conditions, the only effect of nonconpliance on an
effluent tax policy is to |ower tax revenues; pollutant discharges are
unaffected. This is not true for a TDP market given the sane set of
condi ti ons. Implicit in this conparison of the two policy instruments,
however, is the assunption that the ease with which violations can be
detected is simlar for an effluent tax and a TDP market. As is argued
below, it is likely that, in practice, detecting violations would be easier
with a TDP market.

G ven the technical difficulties in obtaining accurate, continuous
records of pollutant discharge, enforcement agencies generally nust rely on
intermttent estimates of a firm s pollutant discharge.s Typically, these
estimates are based on data collected during on-site audits. Hence, firns
usual ly are aware of when their discharges are being nonitored. This does not
necessarily pose a problemin the case of a TDP market since the amount a
firm shoul d discharge is known beforehand by the agency fromthe firms
permit holdings. As with an effluent standard, any observed di scharge over
the allowed amount signals a violation. [f firms receive advance notice of
audits, they nay be able to buy additional permts for the duration of the
visit, making it difficult for the agency to detect violations. But the
scope for such strategies would be limted if audits are unannounced (as is
assuned in the nodel) or permits can only be traded at certain tinmnes.

David et al. (1980) have suggested quarterly auctions as a means of
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precluding such behavior. Thus, in a carefully designed TDP narKket,

detecting violations should be no nmoze difficult than under the existing
policy of effluent standards.

Consi der now the problem of detecting a violation when an effluent tax
is enployed. Wth a tax, the amount of pollutant a firm should discharge
is determned when the firmreports (or fornmally records) its discharge
whi ch occurs after the pollutant is discharged. As such, it is possible
for tax-evading firms to adopt a strategy of accurately reporting
di scharges only when they are being nmonitored and thereby avoid being
caught in flagrante delicto. O course, there are linmts to the extent to
which this strategy would work. For instance, it is unlikely that firms
coul d get away reporting near zero discharges when not nonitored and |evels
substantially larger than zero when nonitored. Nonethel ess, the
feasibility of this type of strategy inplies that detecting violations is
likely to be easier with a TDP narket than with an effluent tax, given the

exi sting technology for neasuring pollutant discharges.

Containing the Effects of Nonconpliance

A problemthat is likely to be troubl esome when inplenmenting a TDP
market is containing the effects of nonconpliance, For an effluent tax or
an effluent standard, changes in the conpliance status of a particular firm
do not necessarily affect the behavior of other firns: the effects of
nonconpl i ance are essentially localized. [|f a nonconpliant firm revises
its subjective audit probability as a result of, say, being caught and
fined, this will not, per se, affect the decisions of other firms. Those
that are conpliant presunably will continue to be conpliant, and those that

are not may or may not alter their behavior. O courser if the event is
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perceived as part of a larger crack down on nonconpliance, the other
nonconpliant firms may revise their audit probabilities and alter their
behavi or accordingly.

In contrast, in a TDP market, the effect of nonconpliance is
transmtted throughout the market as a result of its influence on the
equilibrium permt price. Changes in a single nonconpliant firms audit
probability will, in general, alter the firnis demand for permts and,
consequently, the equilibriumpernit price. For a new equilibrium
to be achieved, it nay well be necessary for all firms, both nonconpliant
and conpliant, to trade permits and adjust their discharge levels. This is
especially true in markets with snmall nunbers of dischargers, which are
likely to be the rule rather than the exception

Thus, given nonconpliance, it may be difficult for a TDP market
to achieve an equilibriumor nmaintain one, and firnms may incur significant
adj ustnment costs in nmodifying their discharge levels in response to
changing pernit prices. The significance of this problemwill depend on
the degree to which pernit prices are affected by perceived changes in
enforcenent policy. In practice, pernit prices may be far nore sticky than

nodel s such as the one devel oped here lead us to expect.

Desi gning Tradi ng Mechani sms to Acconmopdate Nonconpliance

Undoubt edly, the stickiness of permt prices will depend on the
mechani sm adopted for” effecting permt trades. It has been inplicitly
assurmed above that the TDP market takes the form of a standard
unregul ated market where trades occur whenever two or nore parties find
them advantageous. However, a nunber of policy analysts have argued that

to mtigate problems of market thinness, TDP markets should take the form
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of periodic auctions conducted by a central authority (e.g., Noll

1982; David, et al., 1980). A question that naturally arises is how
nonconpl i ance woul d be handled in such a market. Wuld a special auction
be schedul e whenever one or nore firms are found in nonconpliance to allow
themto satisfy their possibly revised pernmt demands, or would they be
required to wait until the next auction? |n the former case, the auction-
based market would function much |ike a conventional unregulated one.
However, in the latter case, firns would effectively face a system of
effluent standards between auctions, with each firnis standard given by its
existing permt holdings. Hence, any efficiency properties of the TDP
market, woul d be undernined between auctions. The significance of this
problemclearly will depend on the frequency with which auctions are held,
and the extent to which firms nodify their discharge levels in response to
percei ved changes in the enforcenent policy. It is likely that the problem

can be nitigated in a carefully designed auction-based market.

6. Concl usi ons

Starting with a nmodel of a nonconpliant firm | have exam ned the
consequences of nonconpliance for a system of transferabl e discharge
permits. The analysis reveals that when firnms are nonconpliant TDP narkets
retain their efficiency property only under sonme fairly stringent
conditions.  The principal effect of nonconpliance on the market itself is
to alter the equilibrium permt price. Although it is likely that the
equilibrium permt price is |ower given nonconpliance, it is difficult to
rule out the possibility of a higher equilibriumprice

Via its effect on the equilibrium pernmt price, nonconpliance on the

18



part of any one firm or group of firms, influences the behavior of all

other firms in the market. This raises sone inportant questions regarding
the ability of a TDP market to achieve and remain in equilibriumwen firns
are nonconpliant. It also inplies that careful consideration nust be given

to nonconpliance when designing the mechanism for effecting permit trades.
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